Abstract. An optoacoustic detection method suitable for depth profiling of optical absorption of layered or continuously varying tissue structures is presented. Detection of thermoelastically induced pressure transients allows reconstruction of optical properties of the sample to a depth of several millimeters with a spatial resolution of 24 m. Acoustic detection is performed using a specially designed piezoelectric transducer, which is transparent for optical radiation. Thus, ultrasonic signals can be recorded at the same position the tissue is illuminated. Because the optoacoustical sound source is placed in the pulsed-acoustic near field of the pressure sensor, signal distortions commonly associated with acoustical diffraction are eliminated. Therefore, the acoustic signals mimic exactly the depth profile of the absorbed energy. This is illustrated by imaging the absorption profile of a two-layered sample with different absorption coefficients, and of a dye distribution while diffusing into a gelatin phantom.
Introduction
In medicine, there is a need for noninvasive real-time monitoring of skin tissue, i.e., its layered structure, blood perfusion, or pathological abnormalities. Besides, diffusion properties of topically applied drugs are of major interest. Medical optoacoustics ͑OA͒, based on the generation of sound due to absorption of light, combines the advantages of ultrasound and optics, and opens new perspectives in noninvasive diagnostics and monitoring of subsurface tissue layers. Acoustical waves are generated directly inside the tissue due to absorption of short laser pulses. Rapid local heating of the tissue leads to a sudden pressure rise proportional to the volumetric absorbed energy density. After heating, the resulting nonuniform pressure distribution propagates toward the surface, where it can be measured spatially and temporally resolved with an acoustic receiver. From the obtained pressure signals, the original distribution of absorbed energy density can then be recalculated using the relation between acoustic propagation time and distance. This method is suited for measuring spatial resolved optical tissue properties ͑absorption, scattering͒, and for imaging absorbing structures to a depth of several millimeters or even centimeters.
In recent years, much effort in development of ultrasound detection methods, including piezoelectric detection 1, 2 and optical detection [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] on one hand, and of image reconstruction methods 11,14,16 -18 on the other hand, has led to quite sophisticated systems for 2-or 3-D imaging of tissue and tissue phantoms. 18, 19 However, most of these methods show mere qualitative results in the sense that they focus on using tissue optical properties for imaging contrast and not on calculating them quantitatively.
Sensitivity and resolution of acoustic detection partly contradict each other, and in the field of quantitative OA measurements, mostly a single sensor with low spatial resolution but high sensitivity was used for measurements of layered samples, like skin tissue. 2, 7, 10, 20, 21 The OA signal was considered a copy of an absorption depth profile that is distorted by acoustic diffraction due to the finite lateral extent of the illuminated sample region. 20, 22 The drawback of a single pressure sensor is that the interpretation of the measured signal is only unambiguous if the actual light distribution is exactly known, which in a highly scattering sample like skin tissue is a priori not the case.
In this study we introduce a new approach to quantitative OA, in which the effect of acoustic diffraction is eliminated. Since source and receiver are in linear wave dynamics equivalent by inversion of time, an acoustic near field can be as-signed to the transducer. In the acoustic near field, the measured pressure transients exactly mimic the shape of the original pressure distribution, and consequently replicate the depth profile of absorbed laser energy in the irradiated tissue sample. This allows reconstruction of the optical properties of layered samples without the need of basic assumptions about the light distribution inside the sample.
For the measurements, we designed a transducer that uses a transparent piezoelectric polyvinylidene fluoride ͑PVDF͒ film, together with salt-water cavities instead of opaque metal coatings as electrodes; thus detection can easily be done in reflection mode ͑sample is irradiated over the surface where OA signals are detected͒. Placing the sample in the transient acoustics near field of this transducer, we measure depthdependent absorption coefficients in layered structures and time-resolved diffusion of dyes into tissue phantoms.
Theory of Diffraction-Free Optoacoustic Detection
Illumination of a tissue sample with a short laser pulse leads ͑due to fast heating͒ to the generation of a pressure transient in the absorbing region. The absorbed energy is distributed in the illuminated volume as energy density u(xЈ) ͓J m Ϫ3 ͔, which depends on the absorption coefficient a ͓m
If the irradiation time is much shorter than the sound transition time through the illuminated volume ͑stress confinement͒, heating of the tissue leads to a pressure rise ⌬p(xЈ) ͓Pa͔ that is correlated to u(xЈ) by the Grüneisen parameter ⌫ ͑ϳ0.1 Paϫm 3 /J in water͒ 21 :
In consequence, a temporally varying pressure field pЈ(x,t) ͓Pa͔ is generated, with the initial condition pЈ(x,tϭ0)ϭ⌬p(xЈϭx). By measuring the initial pressure distribution ⌬p(xЈ), the distribution of absorbed energy u(xЈ) can be determined and optical properties can be derived according to Eq. ͑1͒. The initial pressure distribution can be measured indirectly by detecting the sound field pЈ(x,t) at the sample surface and inversely solving the wave equation. In the case of a layered sample like skin tissue, differences between the optical properties of the various layers are reflected in the depth profile of absorbed energy. Also, the concentration of permeating drugs will characteristically change along the depth axis of the sample and influence the depth profile of absorption. If a depth profile of a layered structure like skin tissue is of interest, the best detection method is one that maps the depth distribution of original pressure onto the time-resolved signal amplitude.
In harmonic continuous acoustics, an ultrasonic receiving element is defined by its angular sensitivity, which also depends on the acoustic wavelength. A receiver that integrates pressure over a plane surface with infinite lateral size is perfectly directional for all acoustic wavelengths, because only harmonic waves with wave vectors parallel to the plane normal are not canceled in detection. Detection with such a receiver would be equivalent to perfect 1-D sound propagation along the sample depth axis, and a perfect mapping of the depth profile onto the signal shape could be observed. In transient acoustics, this situation is possible even with a plane sensor of finite size, because the principle of temporal causality can be applied. This means that the edge of a sensor has no physical importance until the acoustic transient has reached it. Before, the sensor is equivalent to one with infinite lateral size. No distortions due to acoustic diffraction ͑that belong to the presence of a finite lateral aperture͒ are noticed in the early part of the signal and the shape of the signal s(t) perfectly mimics the profile of the original pressure distribution along the axis normal to the sensor surface:
where v is the velocity of sound, and z is the distance of a point inside the sample to the sensor surface.
The region from where such undistorted signals can be detected defines the acoustic near field for the ultrasonic sensor. In analog to continuous acoustics, where the near field depends on the acoustic wavelength, the size of the near field in transient acoustics not only depends on the sensor, but also on the sound source geometry. The extent of the original pressure distribution defines the region from where undistorted signals can be detected. This can be derived graphically as depicted in Fig. 1 . The lateral extent of the source, defined by irradiation cross section and scattering, has to be smaller than that of the sensor. The transients originating from the edges of the source need some time to travel the minimal distance d min to the sensor edge. The signal originating from the region between the sample surface and the depth z max ϭd min is detected prior to the arrival of any transient at the sensor edge. This region is in the transient acoustic near field of the detection system, in which real depth profiles can directly be acquired from the shape of the signal. Fig. 1 A sketch of the sensor-sample geometry is shown. After irradiation at time zero, acoustic transients originating from the edge of the illuminated sample region need to travel the distance d min to reach the edge of the sensor area. Signals originating from the illuminated region in front of vertical distances less than z max ϭd min are detected prior to the first arrival of any transient at the edge of the sensor area, thus they are detected as if the sensor would have infinite size. Viewed from this region, the sensor seems to be perfectly directional, and the signal is detected as if sound propagation was in direction perpendicular to the sensor surface. As a consequence, the detected signal exactly mimics the depth distribution of initial pressure up to the depth z max .
These considerations are valid if sound propagation is linear. This means acoustical mismatch on interface, 1,21 causing sound refraction and sound reflection, has to be avoided. In our case, pressure is measured with a piezoelectric foil, embedded in water for acoustic coupling to the tissue surface, since water has acoustic properties close to soft tissue. As can be seen in Table 1 , the PVDF of the sensor layer represents a significant impedance step to an incoming pressure wave. Figure 2 shows a typical measurement situation where such a wave with wavelength hits a sensor layer ͑thickness d͒ under an incident angle 1 . The requirement of continuity of pressure at the interfaces leads, for the case of ӷd, to the conclusion that the sensor layer is acoustically transparent and the amplitude p 2 measured inside the sensor is identical with the amplitude p 3 transmitted into the backing layer. Therefore, p 2 only depends on the acoustic properties of the front and backing material. For this case, the detected amplitude can be calculated using the well-known acoustic transmission formula:
where Z i , v i , and i are acoustic impedance, sound velocity, and propagation angle in the various layers in their succession of sound propagation. This formula shows that if the acoustic properties of the media before and behind the sensor foil are identical, the detected amplitude p 2 is additionally independent of the incident angle and equals to p 1 , as in the case of linear sound propagation.
Additionally, the signal could be influenced by the excitation of lamb waves in the sensor foil. Bacon 23 discussed the influence of lamb wave excitation on the angular sensitivity, depending on the product of frequency and sensor slab diameter, and reported that above 5 MHzϫmm, this influence can be neglected.
Material and Methods
A piece of piezoelectric polyvinylidene fluoride ͑PVDF͒ foil was used for the sensor. Assuming an acoustical wavelength longer than the foil thickness, the total charge Q ͓C͔ induced by a pressure p over the thin foil with the area A is:
where A ͓m 2 ͔ is the foil area, and d 33 ͓C/N͔ is the piezoelectric charge constant.
Charge conducting covers on both sides of the foil build a capacitor C. The open-circuit voltage U ͓V͔ over this capacitor equals Q/C and is therefore proportional to the pressure averaged over the foil surface:
where d is the foil thickness; ⑀, ⑀ 0 is relative permittivity and permittivity; and g 33 is the piezoelectric voltage constant, which is 200 to 300ϫ10 Ϫ3 Vm Ϫ1 Pa Ϫ1 for PVDF. In most cases, the conducting covers are metal coatings. For medical applications, an optically transparent pressure transducer would, however, be preferable to measure the laser-induced acoustic signal at the same position where the tissue was irradiated. Therefore, we replaced the metal coatings by two thin layers of salt water. They are optically transparent, provide an almost perfect acoustic coupling to the tissue surface, and additionally decouple possible thermal effects caused by light absorption at the sample surface.
Thus, our transducer consists of a thin disk-shaped piece of PVDF foil ͑diameter of 15 mm, thickness of 25 m͒, which is clamped by two brass rings used as electrodes. The brass rings form chambers that are filled with salt water ͑Fig. 3͒. The distance between the sensor foil and measuring surface ͑Mylar-foil͒ was 2.2Ϯ0.1 mm.
For irradiation of the tissue, an optical parametric oscillator ͑OPO, GWU VisIR͒ pumped by the third harmonic of a Q-switched Nd-YAG laser ͑Quantel Brilliant B͒ was used. The laser system delivered 5-ns pulses at a repetition rate of 10 Hz. The OPO allowed tuning the wavelength between 400 A first set of experiments intended to show that the amplitude of the pressure signal accurately replicates the depthresolved absorbed energy density.
If the absorption is strong and all light is absorbed within a thin sample layer parallel to the sensor surface, the signal is expected to show a narrow peak representing the narrow profile of absorption along the depth axis of the sample. The time of occurrence of this peak should correspond to the depth of the absorbing layer. We checked the behavior of the signal in such a situation with a layer of strong absorbing dye ͑penetra-tion depth smaller than 10 m͒ that has been put on the measuring surface of the detector.
If the absorbed light is spread over a deeper range, the signal slope mimics its depth distribution. To check this, a layer structure of two different aqueous dye solutions on top of a water layer was used. To avoid diffusion of the dye between the different layers, thin ͑4 m͒ transparent Mylar foils were embedded at the interfaces. Such a sample can be characterized by the absorption coefficients a,1 , a,2 of the dye solutions, and by the layer thickness. To simplify theoretical calculations, we considered a nonscattering medium in which the absorption coefficient a varies only along the z axis, and approximated our illumination by a collimated monochromatic light beam ͑radiant exposure H 0 ) parallel to z. The solution for the absorbed energy density u(z) ͓J m Ϫ3 ͔ yields according to Eq. ͑1͒:
Following Eq. ͑7͒, the absorbed energy density distribution in a layered sample is characterized by an exponential decay within each layer with constant absorption coefficient ͑Beer's law͒, and discontinuities at the layer interfaces. We determined the absorption coefficient of each layer from the exponential slopes in the optoacoustic signals measured at various laser wavelengths, and compared them to the absorption coefficients obtained by transmission spectroscopy.
Additionally, Eq. ͑7͒ can be used to reconstruct a (z) from the absorbed energy density u(z) if the radiant exposure H 0 is known: 10,20,25
We used this formula to reconstruct the depth-dependent absorption coefficient of the two layered dye samples.
In a second set of experiments, we measured the temporal behavior of a dye concentration diffusing into a gelatin sample. On top of an undoped gelatin sample, a thin film of aqueous orange-G solution was applied. Using the optoacoustic technique and the formula in Eq. ͑8͒ for reconstruction, the dye distribution was measured at various times after application, assuming that the absorption coefficient is proportional to the dye concentration in the gelatin. The results were compared with calculations based on diffusion theory. The theory predicts a depth distribution described by half of a Gaussian profile with a radius z 0 , which grows proportional to the square root of the diffusion time: ͔. The (1Ϫe Ϫ1 )-quantile of dye distribution ͑depth that has been trespassed by the e Ϫ1 part of dye quantity͒ was used as definition for the penetration depth. In the case of a Gaussian distribution, the penetration depth in this definition is at z ϭ0.34 z 0 . Thus, in the diffusion model, it also grows proportional to the square root of time.
Results and Discussion
A pressure signal obtained in a situation where all light is absorbed in a thin absorbing layer ͑thickness smaller than 10 m͒ is shown in Fig. 4 . The width shows the approximate temporal resolution of our setup of about 16 ns or accordingly the depth resolution of about 24 m. The time of occurrence ͑ϳ1.47 ms͒ corresponds to the distance between the sensor and measuring surface ͑ϳ2.2 mm͒.
Pressure signals obtained from the layered samples, once with the high absorbing layer on top and once in reverse order, are shown in Fig. 5 . The slopes of the two peaks in the pressure signals illustrate the exponential attenuation of the irradiated light as predicted by Beer's law. The steps in the signal amplitude correspond to the fast change of absorption coefficients at the layer interfaces. The reconstruction of the sample with the weaker absorbing layer on top ͑Fig. 6͒ shows the depth profile of the absorption coefficient. The time axis of the original signal has been converted into the depth axis of the sample, considering the speed of sound and the position of the measuring surface. In each layer, the absorption coefficient remains constant, and shows a step at the interface. Figure 7 shows the comparison of optoacoustically and spectroscopically measured absorption coefficients as a function of wavelength. All three methods, the determination of the depth profile of absorption coefficient using the formula in Eq. ͑8͒, the exponential fit to the slope of the recorded pressure signal, and the spectroscopic technique show excellent agreement. Figure 8 shows a diffusion series of optoacoustic pressure signals recorded at different times after application of the dye film on the gelatin phantom. The reconstruction of the absorp- Ϯ0.14 mm −1 in the second layer.
Fig. 7
Optoacoustic measurements of a for the two dye concentrations at various wavelengths by signal fitting (filled markers) and reconstruction (empty markers), compared with data obtained by transmission spectroscopy (solid and dashed line).
tion coefficient profile using Eq. ͑8͒ is shown in Fig. 9 for two diffusion times together with Gaussian profiles calculated for comparison of the signal slope with the behavior predicted by Eq. ͑9͒. To follow the dye concentration in time, a series of OA signals was recorded. Based on such a series, the timedependent penetration depth of the dye solution was calculated as shown in Fig. 10 for two series. The dashed line depicts the behavior described by diffusion theory ͑square root of time law͒. These results confirm that the OA signals acquired with our detector mimic the depth profile of original pressure distribution and of the absorbed energy density. In fact, acoustic diffraction does not affect the temporal slope of the optoacoustic signal, as predicted. But still, all signals show a slight negative shift of the zero absorption line ͑see Figs. 4 and 5 especially͒, whereas the theory predicts that this base line should keep exactly the same level wherever zero absorption is reached. As stated in the theory part, the acoustic effect of the sensor foil on the signal can only be neglected for wavelengths larger than the foil thickness. This could affect the signal on a time scale in the range of the acoustic transition time of the sensor foil, which is about 10 ns, and can therefore not explain the rarefaction effect, since it occurs on a much larger time scale ͑some s͒. Possible explanations could be searched in the field of nonlinearity and anisotropy of piezoelectric effect. Slight inverse filtering of the signals led to better results. However, we considered the unprocessed data shown to be more illustrative, and a deeper analysis of this point goes beyond the scope of this work.
The major two advantages of OA according to our principle are that signals can be interpreted straight forward as a replication of the absorption depth profile without the need of acoustic back projection, and that reconstruction of optical properties can be done using a simple 1-D adding-doubling algorithm. 26 This allows real-time application even with a low power computer and preserves a high amount of lucidity. The major disadvantage of methods violating the principle of nearfield sensing is that for the reconstruction of a depth profile, the effect of sound diffraction has to be taken into account. This can only be done calculating the lateral distribution of absorbed energy from a model that is still incomplete, until the depth dependent optical properties of the sample are derived from the depth profile. Because only an iterative process can solve this problem, reconstruction lacks lucidity, and measuring errors can have a strong influence on the result. Additionally, it is more time consuming because illumination needs also to be calculated for the radial dimension.
Our method gives a depth profile by averaging absorption on a plane parallel to the sensor surface over the crosssectional area of the lateral sample illumination. This defines the lateral resolution of the detector: if it is scanned over the sample surface, lateral changes on a scale smaller than the region of lateral sample illumination can hardly be detected. In the case of skin tissue, such changes include the irregularities in the interface of the papillary dermis with the epidermis, melanocytes, the vascular network, sweat glands, hair bulbs, or lateral size of pigmented moles. Instead, our method is very sensitive to depth-dependent changes of bulk absorption, in- Fig. 8 Signals from dye diffusing into a gelatin block, at various times (1, 5, 10, and 40 min) after application of a thin dye film on the gelatin surface. Fig. 9 Reconstruction of absorption coefficient a of a thin dye film penetrating into a gelatin block, at various times (2 and 10 min) after application, using Eq. (8) . The transformed signal curves are assumed to be proportional to the depth profile of dye concentration and are shown together with Gaussian profiles (as expected from diffusion theory) for qualitative comparison.
Fig. 10
For every time after the application of the dye film, a depth can be found that has been trespassed by the e Ϫ1 part of the dye quantity. This depth is calculated as the 1Ϫe Ϫ1 quantile of dye distribution and used as a definition for the diffusion penetration depth. It is plotted for two diffusion series for various times after dye application, and the traces are compared with the slope expected from diffusion theory (dashed line).
duced, e.g., by blood perfusion, or concentration of permeating substances, since they influence the absorption on a wide cross-sectional area. Advantage of the full potential of the method presented can be taken, if irradiation of the sample is done over a wide surface area, since this guarantees the possibility of using higher pulse energy still fulfilling radiant exposure safety standards. Consequently, the lateral resolution of our method given by the cross-sectional area of sample illumination will always be in the range of some millimeters.
Conclusions
We show that a flat pressure sensor is well suited for noninvasive depth-resolved OA measurements on layered structures. The important advantage of such a pressure transducer is that acoustic diffraction does not play any role if the sensor fulfills the transient acoustics near-field condition. Therefore, it gives real depth profiles of flat layered targets, and allows reconstruction of samples in the easiest way. Furthermore, the transducer presented is optically transparent for the exciting laser light; thus OA measurements can be done in reflection mode.
We demonstrate the use of the OA method to characterize absorption in layered samples and to monitor diffusion of absorbing substances in a tissue model.
